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Mass distributions of the fragments in the fission of 206Po and the N=126 neutron shell closed
nucleus 210Po have been measured. No significant deviation of mass distributions has been found
between 206Po and 210Po, indicating the absence of shell correction at the saddle point in both the
nuclei, contrary to the reported angular anisotropy and pre-scission neutron multiplicity results.
This new result provides benchmark data to test the new fission dynamical models to study the
effect of shell correction on the potential energy surface at saddle point.
PACS numbers: 25.70.Jj, 25.85.Ge
The role of nuclear shell effects on various nuclear reac-
tion processes as a function of excitation energy, specially
for the nuclei around the shell closure, has currently re-
mained an issue of intense discussions [1–9]. Apart from
the basic understanding point of view, a large part of the
recent activities were concentrated on the study of shell
effect in fission of heavy nuclei with the aim to unveil
the relationship between nuclear structure and nuclear
stability.
There have been immense efforts, both theoretical and
experimental, to address the burning question whether
nuclear shell effects survives around the saddle point.
The theoretical efforts are concentrated on calculat-
ing the potential energy surfaces (PES) in a multi-
dimensional space. It is found, in general, while the
ground state mass is strongly influenced by the shell cor-
rection, the saddle point mass should be rather close to its
macroscopic value [6, 10]. In contrast, a few recent exper-
imental studies indicated rather strong effect of shell cor-
rection at the saddle point, particularly around N=126
shell closed nuclei [2, 4, 11]. An anomalous increase in
fission fragment angular anisotropy was observed in the
fission of 210Po at excitation energy ∼40-60 MeV, which
was conjectured as an indirect evidence of shell correction
at saddle due to neutron shell closure at N=126 [2, 11].
The pre-scission neutron multiplicity data for 206,210Po
also indicated the requirement of substantial shell cor-
rection not only in shell closed 210Po but also in 206Po
[4]. These results, which are apparently indicative of a
much stronger role of nuclear structure in fission process
is bound to have implications on all future studies of the
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fission, and particularly will have vital impact on the pro-
duction of spherical super heavy nuclei around the next
closed neutron shell at N = 184. Therefore, it warrants
independent attempt to estimate the role of shell correc-
tion at saddle point in the same mass/excitation energy
region where the deviations were observed.
The analysis of both angular anisotropy and pre-
scission neutron data mentioned above [2, 4, 11], were
carried out within the framework of the well established
statistical models [12, 13] which are fairly successful in
explaining the gross features of the binary fission of a sta-
tistically equilibrated compound nucleus. As the gross
effects of shell structure are already taken care of in the
model calculations through the shell corrected level den-
sity term, any departure of the measured evaporation
residue yield, anisotropy or pre-scission neutron multi-
plicity from the corresponding model predicted values
may be construed either as the manifestation of shell
structure on the PES or as the contributions from other
non-compound fission channels. However, the robustness
of the statistical model predictions was recently called
into question [3]. With the advent of dynamical calcula-
tions using stochastic Langevin equation, Schmitt et al.
[3] showed that the angular anisotropy and neutron data
[2, 4], mentioned above, could well be explained with
purely macroscopic potential energy landscape without
considering any shell correction at saddle point. The
prevailing dramatic ambiguity thus necessitates an im-
mediate evaluation of the problem through a new exper-
imental observable, the fission fragment mass distribu-
tion, which would probe the PES directly at the saddle
point, as the mass ratio of the emitted fragments largely
depends on the structure of the potential energy surface
at the saddle point [14].
In this Communication, we report a measurement of
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FIG. 1. (Color online) Distributions of folding angles of com-
plimentary fission fragments for the reactions (a) 12C+198Pt
and (b) 12C+194Pt at similar excitation energies.
fission fragment mass distributions for the fissioning nu-
clei 206,210Po to look for signatures (if any) of shell correc-
tion on the potential energy surface at the saddle. No sig-
nificant deviation of mass distribution was found between
206Po and 210Po and both the distributions could be ex-
plained using realistic macroscopic potential only, con-
trary to the reported angular anisotropy and pre-scission
neutron multiplicity results.
The experiment was performed at the BARC-TIFR
Pelletron facility at Mumbai, India with bunched beam of
12C (58 - 78 MeV) on (96.5% enriched) isotopes of 194Pt
of thickness 260 µg/cm2 (carbon backing 20 µg/cm2)
and 198Pt (91.6% enriched) of thickness 170 µg/cm2 (10
µg/cm2). Targets were mounted at an angle of 45◦ to the
beam. Fission fragments were detected with two large
area position sensitive MWPC [15]. The detectors were
placed at 48 cm and 37 cm from the target on either side
of the beam axis. The centre of the forward detector was
kept at an angle of 45◦ and the backward detector at 121◦
to the beam. The operating pressures of the detectors
were maintained at 3 torr of iso-butane gas. At this low
pressure, the detectors were almost transparent to elas-
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FIG. 2. (Color online) Measured mass distributions of fis-
sion fragments at different excitation energies. Fittings using
single Gaussian are shown by solid (red) lines. Theoretical
calculations (refer to text) are shown by the dashed (blue)
lines.
tic and quasi-elastic particles. We measured the flight
times of the fragments, the coordinates of the impact
points of the fragments on the detectors (θ, φ), and the
energy losses in the gas detectors. From these measure-
ments, we extracted the masses of the correlated fission
events and the transferred momentum to the fissioning
system. Beam flux monitoring as well as normalization
were performed using the elastic events collected by a sil-
icon surface barrier detector placed at 15◦ to the beam
and Faraday cup.
Typical folding angle distributions of all fission frag-
ments (FF) in the two reactions measured at near
Coulomb barrier energies are shown in Fig. 1. It is
found that the peak of the folding angle distribution
in each of the reactions is consistent with the expected
value for complete transfer of momentum of the projec-
tile. This, along with the symmetric shape of the distri-
bution clearly show that there is no admixture of transfer
induced fission fragments and all the fragments are orig-
inated in the fusion-fission reactions.
The fission fragments are well separated from elastic
and quasi-elastic reaction channels, both from the time
correlation and energy loss spectra in the detectors. The
masses were determined from the difference of the time
of flights, polar and azimuthal angles, momenta, and the
recoil velocities for each event. The mass distributions of
fission fragments were determined following a procedure
described in details earlier [15, 16]. The mass resolution
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FIG. 3. (Color online) (a),(b):Variation of the standard devi-
ation of the fitted symmetric mass distribution with excitation
energy. The calculated standard deviations are shown by dot-
ted lines. (c) Variation of the standard deviation normalized
by the saddle temperature. The dashed line (constant value)
is a guide to the eye.
achieved ∼ 5 u. Since the targets were not 100% pure
and as there is no way to distinguish the origin of the fis-
sion fragments detected by the detectors (whether they
originated from the compound nuclei formed in fusion
of the projectile and the main targets 194,198Pt or their
isotopic impurities), we estimated the effect of the im-
purities by assuming proportionate number of the actual
events coming from the isotopic impurities chosen ran-
domly through a time seeded uniform random number
generator. To estimate the dispersion in the variance of
mass distribution due to the presence of isotopic impu-
rities, the above process was repeated 2000 times. It is
found that the dispersion in the variance of mass distri-
bution due to impurities were negligibly small.
Typical mass distributions of the fission fragments,
measured at similar excitation energies for the two reac-
tions are shown in Fig. 2. The solid (red) line is a single
Gaussian fit to the data. The good fits to the experi-
mental data using a single Gaussian function in both the
reactions are clearly confirming that the FF mass distri-
butions are completely symmetric having nearly identical
shapes at all excitation energies.
To have a further insight into the result, the standard
deviations (σ) of the fitted mass distributions are plot-
ted as a function of excitation energy in Figs. 3 (a),(b)
for both the reaction channels of 12C+194,198Pt. In the
case of statistical fission of the compound nucleus, the
standard deviation of the fragment mass distribution is
known to follow the relation σ =
√
T
k
, where T is the
temperature at the saddle point and k is the stiffness pa-
rameter for the mass asymmetry degree of freedom [17].
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FIG. 4. (Color online) Potential energy for the compound
nuclei (a) 210Po and (b) 206Po relative to the ground state
energy of FRLDM. All the contours are plotted at steps of 2
MeV. The (red) dashed line represents the computed saddle
ridge.
As shown in Fig. 3(c), the constant value of σ√
T
with
excitation energy indicates purely statistical compound
nuclear fission process in both the cases. The value of k
was found to be consistent with the comprehensive com-
pilation of the data presented in reference [18]. The non-
compound fission processes and/or the presence of shell
correction, both of which would have triggered an anoma-
lous variation of σ [19, 20], are therefore quite unlikely
in either of the two reaction channels, which is clearly
at variance with the earlier results for the same systems
obtained using different probes [2, 4].
That the present non-observation of any appreciable
anomaly in mass distribution (and vis-a-vis signature of
shell correction) in either of the two systems 206,210Po is
also justified theoretically, will be apparent from the fol-
lowing. According to the detailed theoretical calculation
of PES [21], fission barriers are single-peaked for the sys-
tems under consideration. So, an attempt was made to
reproduce the measured mass distributions theoretically,
considering only realistic macroscopic potential without
any microscopic shell correction. We calculated the PES
using the Finite Range Liquid Drop Model (FRLDM) for-
mula [22–24]. The nuclear shapes were defined in two di-
mensions with Funny Hill [25] parameters, elongation (c)
4and mass-asymmetry (α). The fragment masses (M), cor-
responding to a particular combination of c and α, were
decided by dividing the compound nucleus at the neck of
the deformed shape. The calculated potential energy sur-
faces for 206Po and 210Po are plotted in Fig. 4. For each
system, the saddle ridge, which defines the fission barrier
V (α) as a function of α, is shown by (red) dashed line.
An estimate of the fission fragment mass distribution can
be obtained from multi-dimensional Kramers formula for
the fission width [26, 27],
Γf = N(α)exp(−V (α)/T ), (1)
where, the coefficient N(α) depends on the detail struc-
ture of the potential profile and T is the compound nu-
clear temperature calculated at the saddle point defor-
mation. For the present calculation, N(α) was assumed
to be independent of α and we used a simplistic prescrip-
tion of multiplying V (α)/T by a factor B to take care
of the dynamical effects [28]. It was found that constant
values of B (1.93 and 1.82) reproduced the experimental
data very well for 206Po and 210Po, respectively (shown
by dashed blue line in Fig. 2). The standard deviations
of the theoretical mass distributions are also found to re-
produce the experimental data reasonably well as shown
(by dotted line) in Fig. 3.
The change in shape or width of the fission fragment
mass distribution is a signal for the presence of shell cor-
rection at saddle point [14]. It is clearly evident from
our data that, so far as the fission fragment mass distri-
butions are concerned, there is no anomaly between the
two systems, 206Po and 210Po. Experimentally, both of
them exhibit symmetric Gaussian-like mass distribution
without any appreciable change of shape (width) over
the whole range of excitation energy under considera-
tion. Theoretical mass distributions, obtained using the
PES without incorporating shell correction, were found
to properly reproduce the respective experimental data
in both cases.Thus, it is clear that the N=126 shell clo-
sure in 210Po does not affect the FF mass distribution.
In order to quantitatively workout the sensitivity of
the fission fragment mass distributions on the magnitude
of shell correction at saddle, the mass asymmetry depen-
dent fission barrier was modified by adding a shell correc-
tion term δWf (M)exp[λE
∗], where λ is the shell damp-
ing factor which was taken to be 0.054, and δWf (M) was
taken in the empirical form [14]
δWf (M) = δWf (A/2)exp[−γ(M −A/2)
2]. (2)
The variation in mass distribution shape for different val-
ues of δWf (A/2) is displayed in Fig. 5. for a typical case
of 210Po fission, where δWf (A/2) is the shell correction
at symmetry, was varied over the range of 1-7 MeV. It is
clear that the measured mass distribution can be best fit-
ted with no shell corrections at saddle. It can be seen that
at 7 MeV of shell correction at saddle, which was required
to fit the neutron multiplicity data for the same system
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FIG. 5. (Color online) Effect of shell correction in the saddle
ridge on the mass distribution of fission fragments. δWf (A/2)
is the shell correction at symmetry.
[4], the theoretical mass distribution is clearly asymmet-
ric as opposed to our experimental observation. It is
worth mentioning here that even a variation in δWf (A/2)
of 1 MeV produces perceivable change in the shape of the
mass distribution.
The fission fragment mass distribution of 210Po, pop-
ulated through 4He + 206Pb, was also reported by Itkis
et al. [18, 29]. A comparative study of the width of the
mass distribution at the only overlapping excitation en-
ergy showed slight suppression for the 4He + 206Pb reac-
tion compared to our measurement owing to lower angu-
lar momentum carried by 4He as compared to 12C. A very
weak structure in the mass distribution was reported by
Itkis et al., which was however not observed in the present
case. This may be due to the inherent sensitivity of our
spectrometer. Regarding the contributions of other non-
compound fission channels, it may be pointed out that
their presence too would have appreciably broadened the
mass distributions [20, 30]. The width of the distribution
remained constant over the whole range of excitation en-
ergy (excluding temperature effect) is a clear indication
that the contributions of non-compound channels are also
minimal in the present case.
It may be mentioned that the fission fragment angu-
lar anisotropy was measured [31] for the nucleus 213Fr
which is also a N=126 neutron-shell closed nucleus. In-
terestingly, any such appreciable deviation from statisti-
cal model predictions at similar excitation energies were
not observed; and reanalysis of the 210Po data [2] includ-
ing multi-chance nature of fission reduced the discrep-
ancy in angular anisotropy. Systematic studies of angu-
lar anisotropies for different isotopes were carried out for
a few other systems [32]; in none of the cases, large devia-
tion of anisotropy were observed. A recent calculation [7]
for 210Po, however, advocated for minimal shell correc-
tion at saddle but required substantial dynamical effect
5to explain simultaneously the fission excitation function
and neutron emission data. This reinforces our convic-
tion that the anomalies in angular anisotropy and neu-
tron multiplicity observed in the systems 206,210Po may
not be attributed to the effect of neutron shell closure or
shell correction at saddle point - it could be due to the
inherent limitations of the implementations of statistical
models [3].
In conclusion, the direct probe of fission fragment mass
distribution does not show any signature of the modifi-
cation of the potential energy surface at the saddle point
due to the effect of N=126 neutron shell closure in 210Po.
These results provide a benchmark for different models
that are used to predict the fission barriers for the pro-
duction of spherical super heavy nuclei around the next
closed neutron shell at N = 184. The present findings
merits further investigation for the other regions of neu-
tron or proton shell closure.
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